Based on fluoride-based plasma treatment of the gate region in AlGaN/GaN HEMTs and post-gate rapid thermal annealing (RTA), enhancement mode (E-mode) AlGaN/GaN HEMTs with low on-resistance and low knee-voltage were fabricated. The fabricated E-mode AlGaN/GaN HEMT with 1 µm-long gate exhibits a threshold voltage of 0.9 V, a kneevoltage of 2.2 V, a maximum drain current density of 310 mA/mm, a peak g m of 148 mS/mm, a current gain cutoff frequency f T of 10.1 GHz and a maximum oscillation frequency f max of 34.3 GHz. In addition, the fluoridebased plasma treatment was also found to be effective in lowering the gate leakage current, in both forward and reverse bias. Two orders of magnitude reducation in gate leakage current was observed in the fabricated E-mode HEMTs compared to the conventional D-mode HEMTs without fluoridebased plasma treatment.
Introduction
Wide bandgap AlGaN/GaN high electron mobility transistors (HEMTs) are emerging as excellent candidates for RF/microwave power amplifiers (PAs) because of their high power handling capabilities. Their demonstrated low-noise and high breakdown characteristics also illustrate their potential for protection-circuit-free low-noise amplifiers (LNAs). With the inherent nature of wide bandgap and chemical inertness, AlGaN/GaN HEMTs also offer promising possibilities for digital circuit operating in harsh environment. Thus far, the performance of AlGaN/GaN HEMTs [1] - [4] has been much improved for depletion-mode (D-mode) devices, while the performance of enhancement-mode (E-mode) devices is still hindered by technical barriers. From the application point of view, Emode HEMTs have many advantages. For analog RF applications, negative-polarity voltage supply can be eliminated if E-mode HEMTs are used, therefore, the circuit complexity and cost can be reduced. For digital applications, the simplest circuit configuration can be achieved by using direct-coupled FET logic (DCFL) that features integration of D-mode and E-mode HEMTs. Several groups reported their progress on the fabrication of E-mode AlGaN/GaN HEMTs. Using a thin AlGaN barrier (10 nm), Khan et al. [5] realized an E-mode HEMT with a peak transconductance of 23 mS/mm. Hu et al. [6] demonstrated an E-mode HEMT with selectively re-grown pn junction gates and showed a peak transconductance of 10 mS/mm. Recently, effort in fabricating E-mode AlGaN/GaN HEMTs has been focusing on the approach of gate recess using dry reactive ion etching (RIE) [7] - [9] . Endoh et al. [10] used gate metal with higher work function (i.e. Mo, Pt) in E-mode HEMT.
In this paper, we present a technique for fabricating Emode AlGaN/GaN HEMTs with low on-resistance and low knee-voltage starting from a conventional D-mode HEMT structure. The technique is based on self-aligned fluoridebased plasma treatment and post-gate annealing. The low on-resistance and low knee-voltage characteristics are guaranteed by self-aligned fluoride plasma treatment, which only take effects on gate regions, leaving access regions un-affected. Another prominent effect of fluoride plasma treated E-mode AlGaN/GaN HEMTs, namely, the suppression of gate leakage current, is also discussed.
E-Mode AlGaN/GaN HEMTs Fabrication
The AlGaN/GaN HEMT structure used in this work was grown on (0001) sapphire substrates in an Aixtron AIX 2000 HT metal organic chemical vapor deposition (MOCVD) system. The HEMT structure consists of a low-temperature GaN nucleation layer, a 2.5-µm-thick unintentionally doped GaN buffer layer and AlGaN barrier layer with 30% Al composition. The barrier layer consists of a 3-nm undoped spacer, a 15-nm carrier supplier layer n-doped at 2.5 × 10 18 cm −3 , and a 2-nm undoped cap layer. Room temperature Hall measured electron sheet density and electron mobility are 1.3 × 10 13 cm −2 and 1000 cm 2 /Vs, respectively. The process flow of the E-mode HEMT is illustrated in Fig. 1 . Device mesa was first formed using Cl 2 /He plasma dry etching in an STS ICP-RIE system ( Fig. 1(a) ) followed by the source/drain ohmic contact formation with Ti/Al/Ni/Au annealed at 850
• C for 45 s ( Fig. 1(b) ). The ohmic contact resistance was typically measured to be 0.8 Ω-mm. After 1 µm-long gate windows were opened by contact photolithography, the samples were treated by CF 4 plasma in an RIE system at 150 W for 150 seconds ( Fig. 1(c) ). For comparison, the HEMT without CF 4 plasma treatment to the gate regions was also fabricated on the same sample and in the same processing run. Ni/Au e-beam evaporation and lift-off were carried out subsequently to form the gate electrodes ( Fig. 1(d) ). The plasma treated gate region and the gate electrode were self-aligned. Post-gate rapid thermal annealing (RTA) was conducted at 400
• C for 10 mins. The devices have a source-gate spacing of L sg = 1 µm and a gate-drain spacing of L gd = 2 µm.
Results and Discussion
DC I-V characteristics of the fabricated devices were measured by HP4156A DC parameter analyzer. The transfer characteristics of both D-mode and E-mode (before and after post-gate annealing) AlGaN/GaN HEMTs are shown in Fig. 2 . Defining V th as the gate bias intercept of the linear extrapolation of drain current at the point of peak transconductance (g m ), the V th of E-mode device was determined to be 0.9 V, while the V th of D-mode device is −4.0 V. Fluoride plasma treatment shifts V th from D-mode to E-mode with a voltage span of 4.9 V.
In order to identify the underlying physics of this large shift in threshold voltage, we carried out secondary ion mass spectroscopy (SIMS) measurement on samples with and without plasma treatment. Al, Ga, N, O, C and F atomic profiles were checked. As shown in Fig. 3(a) , the only significant difference between the treated and un-treated sample is the large amount of F atoms found in the AlGaN layer of the treated samples. Since F ions have strong electronegativity, we suggest that the F ions in the AlGaN barrier carry large amount of immobile negative charges, depleting the 2DEG in the channel and converting the HEMT device from Dmode to E-mode. It is also observed that the F atomic profile remain stable with annealing up to 700
• C, suggesting good thermal stability of the F ions. The F distribution of a sam-ple, which were treated at the same conditions as the fabricated E-mode HEMT, is shown in Fig. 3(b) . It should be noted, however, that the SIMS measurement does not offer accurate quantitative results because of the lack of reference criterion.
At V gs = 0 V, the transconductance reaches zero, indicating a true enhancement-mode operation. The drain current is well pinched off and shows a leakage of 28 A/mm at V ds = 6 V. The peak g m is 151 mS/mm for the Dmode HEMT and 148 mS/mm for the E-mode HEMT, respectively. The maximum drain current (I max ) reaches 313 mA/mm at the gate bias (V gs ) of 3 V for the E-mode HEMT.
Before RTA, the peak g m and I max of E-mode device are 81 mS/mm and 180 mA/mm, respectively, which are almost half of that after RTA. But the V th is almost unchanged. It indicates that the degradations of transconductance and maximum drain current come from the degradation of electron mobility caused by plasma induced damages. RTA is generally used to repair damages in semiconductor process. In this work, RTA at 400
• C for 10 min plays a key role in repairing the plasma induced damages and recovering 2DEG mobility, and therefore achieving high current density and transconductance. Figure 4 shows the output curves of the E-mode device before and after RTA process. At a V gs of 2.5 V, the saturation drain current (247 mA/mm) of E-mode device after RTA at 400
• C is 85% higher than that (133 mA/mm) before RTA, and the knee voltage of the E-mode device with RTA is 2.2 V where the drain current is 95% saturation drain current. Because the plasma treated gate region and the gate electrode were self-aligned, only the gate regions were exposed to plasma treatment, the access regions were protected by photoresist during fluoride plasma treatment, so the low on-resistance and low knee-voltage are preserved. Figure 5 shows the off-state drain breakdown characteristics. The off-state drain breakdown voltage at V gs =0 V is larger than 65 V, showing no degradation compared to that observed in the D-mode HEMTs. AlGaN/GaN HEMTs typically show much higher reverse gate leakage currents than the values theoretically predicted by thermionic emission model. The higher gate currents degrade the device's noise performance [11] and raise the standby power consumption. In particular, forward gate currents limit the gate input voltage range, hence the maximum drain current [12] . In the fluoride plasma treated AlGaN/GaN HEMTs, we observed the suppressions of gate currents in both reverse and forward bias regions. Figure 6 (a) shows the gate currents of both E-mode and D-mode AlGaN/GaN HEMTs. Figure 6(b) is the enlarged picture of forward gate bias region. In reverse re- gion, compared to the conventional D-mode HEMT without plasma treatment, the gate leakage currents of the fluoride plasma treated E-mode HEMTs is smaller. At V g = −20 V, the gate leakage current drops by more than two orders of magnitude from 1.2 × 10 −2 A/mm for conventional D-mode HEMT to 6.9×10 −5 A/mm for the fluoride plasma treated Emode HEMT. In forward region, the gate currents of E-mode HEMTs are also smaller than that of D-mode HEMTs without fluoride plasma treatment. Correspondingly the turn-on voltages of gate Schottky diode are extended, so gate input voltage range as well as maximum drain current increase. Taking 1 mA/mm as reference [13] , the turn-on voltage of gate Schottky diode increases from 1 V for conventional HEMT to 1.7 V for the plasma treated E-mode HEMT.
With the illustrations of conduction bands of both Dmode and E-mode HEMTs, as shown in Fig. 7 , the mechanisms of the reduced gate leakage current in the fluoride plasma treated AlGaN/GaN HEMT can be explained as follows. During CF 4 plasma treatment, fluoride ions are incorporated into AlGaN layer. These fluoride ions with strong electronegativity act as immobile negative charges that cause the upward conduction band bending in AlGaN barrier layer due to electrostatic induction effect. Thus an additional barrier height Φ F , as shown in Fig. 7(b) , is formed and the total effective metal-semiconductor barrier height is raised from Φ B to Φ B + Φ F . This enhanced barrier height can effectively suppresses the gate Schottky diode current in both reverse and forward bias regions. For the simulated conduction band of E-mode HEMT, as shown in Fig. 7(b) , the fluorine concentration is approximated by using a linear distribution that the peak F concentration is 3 × 10 19 cm −3 at the AlGaN surface and the F concentration is assumed to be neglectable at the AlGaN/GaN interface. A total F − sheet concentration of ∼ 3 × 10 13 cm −2 , is sufficient to not only compensate the Si + (∼ 3.7 × 10 13 cm −2 ), but also compensate the piezoelectric and spontaneous polarization induced charges (∼ 1 × 10 13 cm −2 ). On-wafer small-signal RF characteristics of D-mode and E-mode AlGaN/GaN HEMTs were measured from 0.1 to 39.1 GHz. The current gain and maximum stable gain/maximum available gain (MSG/MAG) of both types of devices with 1 m-long gate were derived from measured S-parameters as a function of frequency, as shown in Fig. 8 . At V ds = 12 V and V gs = 1.9 V, a current gain cutoff frequency ( f T ) of 10.1 GHz and a power gain cutoff frequency ( f max ) of 34.3 GHz were obtained for the E-mode AlGaN/GaN HEMT, comparable to that of its D-mode counterpart, whose f T and f max were measured at the drain bias of 12 V and gate bias of −3 V to be 13.1 GHz and 37.1 GHz, respectively. The good RF performance further confirms that the 2DEG mobility was sufficiently recovered by post-gate RTA. The good RF performance is also attributed to low onresistance preserved by self-aligned plasma treatment.
Conclusion
An E-mode AlGaN/GaN HEMT with low on-resistance and low knee-voltage fabricated by fluoride-based plasma treatment is presented. The plasma treatment can effectively implant negatively charged fluorine ions into the AlGaN barrier and positively shift the threshold voltage, while the post-gate annealing proves to be effective in recovering plasma induced damages. Self-aligned process ensures low on-resistance and low knee-voltage characteristics of fabricated E-mode HEMTs. Good DC and RF performance, which are comparable to conventional D-mode HEMTs, are achieved. Compared to conventional HEMTs, the fluoride plasma treated E-mode AlGaN/GaN HEMTs also shows suppressed gate leakage currents, enabling wider gate bias range.
